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EXECUTIVE SUMMARY
The objective of this research project is to develop an aqueous biphase extraction process for the treatment of fme coals. Aqueous biphase extraction is an advanced separation technology that relies on the ability of an aqueous system consisting of a water-soluble organic polymer and an inorganic salt to separate into two immiscible aqueous phases. Differences in the hydrophobic/hydrophilic properties of particulate can then be exploited to effect selective transfers to either the top polymer-rich phase, or the bottom salt-rich phase. The goal of this experimental program is to identi& process conditions that optimize the selective transfer of coal into the top phase while retaining the mineral matter in the bottom phase. An additional goal is to develop an improved coal-pyrite separation technique based on aqueous biphase extraction.
The partitioning behavior of selected model oxides (al-hematite, s~lca and titania) in aqueous biphase systems and the effects of some surfactants were studied. For alumina, hematite, and titania, all particles stayed in the bottom phase in the pH range of 2 to 12 because of the hydrophilicity of these oxides. However, silica preferred the top phase during this pH range, which maybe due to the adsorption of PEG on silica surface. The presence of oleic acid in the system can transfer hematite particles into the top phase in neutral or alkaline environments.
INTRODUCTION
sourceof fossil energy in the U.S. This resource also represents the most readily accessible and socially acceptable substitute for oil and natural gas. In response to the stipulations of the Clean Air Act (l), advanced coal cleaning technologies are needed in order to more efficiently eliminate unacceptable levels of ash and sulfiu from the run-of-mine coal prior to combustion. The ability to achieve mineral matter liberation from coal is fundamental to all separation techniques that seek to produce super-clean coal. It has been concluded horn the microscopic examination of a wide variety of U.S. coals that, in many cases, grinding to 10 pm or below may be necessary in order to achieve the necessary liberation (2). It is clear, therefore, that future advanced coal cleaning technologies must be capable of accommodating micron size particles.
Large quantities of fine coals already exist in the rejects discharged into waste ponds.
These fine coals are a result of the current highly mechanized production practices of continuous and longwall mining. This project seeks to investigate the feasibility of septiating pyrite and mineral materials horn fine coal by using aqueous biphase extraction. Although aqueous biphase systems have been known for more than 100 years, it was only in the mid 1950s that their potential use as separation media was recognized. Albertsson who pioneered the separation of microbial cells, cell organelles, and virus (3) performed the initial work. In recent years, interest in aqueous biphase extraction has broadened to applications in the commercial-scale separation of proteins (5), as well as separation of metal ions (6), uhrafme particles (7), and organics (8). Chaiko et al. used aqueous biphase extraction to remove radioactive residue from soil (4, 9).
It is possible to form a two-phase system in certain polymer/inorganic saltwater mixtures. When the concentrations of the salt and polymer exceed certain limits, the aqueous system separates into two immiscible phases, in which the top phase is polymer-rich and the bottom phase is enriched in salt. Aqueous biphase extraction is very similar to conventional solvent extraction. Just like the organic solventlwater twophase systems, the top phase of the aqueous biphase system is more hydrophobic, and the bottom phase is more hydrophilic.
The hydrophobic/hydrophilic character of the particle stiace determines the partitioning of the particles into either the top more hydrophobic phase or the bottom more hydrophilic phase. Thus, differences in the surface chemistry of particles can be exploited for selective separations.
It can be expected that the partitioning behavior of particles in aqueous biphase systems will also be significantly affected by surfactants because these reagents can change the surface properties of particles through adsorption.
Compared with conventional organic-solvent-based liquid-liquid extraction, aqueous biphase extraction is especially attractive for waste treatment applications, because it avoids the use of an organic solvent which itself is a possible pollutant. In addition, the polymers used in aqueous biphase systems are generally inexpensive, nontoxic, and biodegradable (7). The aqueous biphase systems can be recycled with the effective separation of particulate and solution. For separation of colloid particles, this process possesses another advantage compared with traditional separation processes such as flotation and flocculation because it does not have a low limit of particle size; it can even be used to separate metal ions (6).
In order to assess the applicability of this separation technology to fme particle processing, it is necessary to investigate the partitioning behavior of solid particles in aqueous biphase systems. From the partition experiments, it will be possible to identi~ conditions that favor the separation of particulate mixtures. This report focuses on the partitioning behavior of ahunin~hematite, silic~and titania particles in polyethylene glycol (PEG)/salt/water aqueous biphase systems. The emphasis is on the effect of pH. In the case of hematite, the effect of oleate addition is also investigated.
RESULTS AND DISCUSSION
Partitioning Behavior of Alumina, Titania, and Silica
The partitioning behaviors of al-titani~and silica in the PEG-2000iNazSOfiz0 system are shown in Figure 1 . In the pH range of 2 to 12, alumina and titania were confhed to the bottom phase; however, almost all stlca particles transfefied into the top phase. It is well established that the surfaces of alumina ,and titania are covered by hydrophilic metal hydroxide groups. The particles then went into the bottom phase because of the hydrophilic surfaces. It is somewhat surprising, however, that silica partitioned into the top phase, although the Si atoms on silica also can be hydrolyzed to form Si-OH groups. The difference in the behavior of silica compared with the other oxides can be attributed to differences in their interactions with PEG. It is reported that PEG adsorbs on silica stiace, with an adsorption density of about 0.6 mg/m2. In contrast, PEG adsorbs negligibly on hematite, alumina and titania (10-13).
It is known that PEG adsorbs on silica .s@ace through hydrogen bonding between the H atom of the Si-OH group and the O atom in the PEG chain. According to the geometry of the PEG chain, only half of the O atoms can form hydrogen bonds (13, 14) . The enthalpy change for PEG displacement of water on silica stu%ace is about 9.9 kcal/mol, a value that is typical for the formation energy of a hydrogen bond (15, 16) . The neutral Si-OH sites favor the adsorption of PEG (15) . When Si-OH deprotonates to form Si-O-, the resulting negative site does not form a hydrogen bond with PEG because of the electrostatic repulsion between this site and the partial negative charge on the O atom in the PEG chain. It is reported that the flotation of silica with PEG decreased above about pH 6 because of the resorption of PEG from silica surface (17) . This resorption process was attributed to the electrostatic repulsion between the polymer and the solid. Similar reasoning accounts for the decline in the yield above pH 10.
Effects of Surfactants on the Partitioning Behavior of Hematite
Effects of SDS and Xanthate. Figure 2 shows the partitioning behavior of hematite particles in the PEG-4600/N~SO&120 system and the corresponding effects of SDS (sodium dodecyl sulfate, 3.5x10-4 M) and xanthate (1X10-3 M). In all cases, almost all the pai-titles i+tay~din'the bottom phase and there was &ihimal tr&sfer to'tie top phase ., and the interface. On the surface of ferric oxide particles, the -FeOI-I groups combine with protons in solution to form protonated -FeO~groups at low pH (below the pzc of -8.5); the-FeOH groups deprotonate into -FeO-groups when the pH is higher than the pzc. These surface groups are all hydrophilic. Thus, it is not surprising that all the ferric oxide particles stayed in the bottom phase under all pH conditions. When the surfactants SDS and xanthate were introduced into the system, the partitioning behavior of ferric oxide did not change significantly.
It is well known that SDS and xanthate can be adsorbed physically on the ferric oxide surface. However, in this system, the concentration of polymer and salt is so high that the surfate of ferric oxide is fully covered by ions, which inhibited the adsorption of SDS and xanthate on the surface. Adding SDS and xanthate, therefore, changed the surface of ferric oxide negligibly, so that the partition of ferric oxide remained the same. Figures 3 and 4 show respectively the yield of hematite particles in the top and bottom phases of the PEG-4600/Na2S04/H20 system in the presence of oleate. Below pH 6, addition of "oleate had no effect on the partitioning behavior of hematite. However, above this pH, there was a dramatic increase in the yield in the top phase; particles transferred to the top phase at about pH 6, and the yield reached a maximum. With fi.uther pH increase, the yield began to decrease; the decrease was less pronounced as oleate concentration increased from 5x10-5 M to 2X 104 M.
Effect of Oleate.
Oleate can be used as a collector for hematite in the froth flotation process (18) (19) (20) (21) (22) and it is reported that this reagent adsorbs chemically on hematite (23, 24) . According to the work of Han, Healy, and Fuerstenau (24) , when the concentration of oleate exceeded about 2.5x 10-5 M, there was marked adsorption, even at the pzc of 8.5. The flotation recovery of ferric oxide in the presence of oleate decreased at low pH; this phenomenon is presumably due to the precipitation of undissociated oleate. The dissociation constant of oleate is known to be approximately 10-5 (25), which means ionization becomes significant only above -pH 5. Ofor (21) found that the adsorption density of oleate on hematite particles showed a peak at about pH 7. Below pH 7, the adsorption density decreased rapidly. The adsorption density decreased slowly between pH 7-9 and decreased sharply above pH 9.
It is reasonable to assume that the adsorption behavior of oleate in aqueous biphase systems is similar to the situation in froth flotation systems (18) (19) (20) (21) (22) (23) (24) . At low pH, the undissociated oleate predominates and it can only physically adsorb on the surface of ferric oxide (26) . Because of the high ionic strength in the aqueous biphase system, the adsorption of undissociated oleate is expected to be low. Accordingly, the hematite surface remained hydrophilic and the particles stayed in the bottom phase. At higher pH, when the dissociated oleate became increasingly available, the chernisorption of the organic reagent made the hematite surface hydrophobic.
This effect facilitated particle transfer into the top phase. As the pH exceeded the pzc of hematite, the surface became negatively charged. There was electrostatic repulsion between the particles and oleate becatie of-fhe negatively charged dissociated carboxylic acid group 'of the reagent. The '--- 
SUMMARY AND CONCLUSIONS
This study, extending the aqueous biphase extraction technology to metal oxides, demonstrates that pH adjustment and surfactant addition can be used effectively to control particle partitioning behavior in aqueous biphase systems.
The partitioning behaviors of alumina, hematite, silica, and titania were investigated. In the pH range of 2 to 12, almost all of the alumina, hematite, and titania particles preferred the bottom phase because of the hydrophilic surfaces of these oxides. In contrast, silica particles stayed in the top phase, a result which is attributable to PEG adsorption on silica particles. In the presence of SDS and xanthate, the partitioning behavior of hematite remained unchanged, a result of the physical nature of the adsorption of these reagents.
The experiments conducted with the oleic acid and hematite demonstrate that with the proper choice of collector (i.e,, one which chemisorbs), it is possible to transfer a previously hydrophilic particle into the top phase. 
